ZnO nanocrystals (NCs) capped with polyvinyl pyrrolidone reveal room temperature ferromagnetism. Incorporation of Al 3þ -ions induce defects in ZnO NCs leading to quenching of excitonic luminescence of ZnO at the cost of an increase in the intensity of oxygen vacancy related emission. Photoluminescence excitation spectra exhibit an additional hump like feature attributed to Al-doping. Saturation magnetization of Al 3þ -doped ZnO NCs is the same as that of the undoped ZnO NCs. However, a remarkable decrease in the coercivity associated with change in the nature of M (T) curve and electron paramagnetic resonance signal with g ¼ 1.96 is observed consequent to Al doping. The results provide direct evidence of the defects within the core of NCs that are responsible for the ferromagnetic ordering in the Al 3þ -doped ZnO. The M(T) curve unravels a typical exchange mechanism.
I. INTRODUCTION
Recent observations compel one to infer that the ferromagnetism does not rely exclusively on the localized moments in magnetic ions, but can also be leading to magnetic moments generated 1, 2 due to the defects. These studies opened exciting topic for research coined as "d 0 ferromagnetism." In particular, nanocrystals (NCs) having large surface to volume ratio are attractive candidates to study d 0 ferromagnetism. It is believed that defects located at the interface of NC and the capping agent are responsible for ferromagnetism. [3] [4] [5] [6] [7] [8] Efforts are underway to prepare different types of nanocrystalline ferromagnets as well as to understand the nature of defects responsible. [9] [10] [11] [12] Earlier, we had reported 10 ZnO NCs to be ferromagnetic at room temperature. Ferromagnetism observed 3 in thermally annealed ZnO NCs is attributed to the oxygen vacancy clusters. Others proposed room temperature ferromagnetism (RTFM) to be associated with holes in the d shell due to charge transfer [5] [6] [7] [8] from the Zn atom at the surface to the capping agent. In case of doped ZnO NCs, it is usually believed [9] [10] [11] that dopant induced defects contribute to RTFM. In spite of the considerable efforts undertaken to understand the optical and magnetic properties of the d 0 ferromagnetic materials, the detailed underlying mechanism is still not clear. 14 to disappear at critical charge carrier density. The case of Al 3þ -doped ZnO NCs allows one to examine this hypothesis in nanocrystalline regime. Further, in the present work, defects responsible for ferromagnetic ordering in ZnO NCs are identified using electron paramagnetic resonance (EPR) spectroscopy.
Here, we describe the optical and magnetic properties of undoped as well as Al 3þ -doped ZnO NCs. Undoped ZnO NCs capped with polyvinyl pyrrolidone (PVP) are ferromagnetic at room temperature. Even though oxygen vacancies are present at the surface of ZnO NCs, no signal is observed in EPR. Incorporation of Al 3þ -ions in ZnO NCs also retain ferromagnetism albeit with substantially reduced coercivity. EPR spectra exhibit monotonic increase in the signal with amount of Al 3þ -ions in ZnO NCs, attributable to the presence of aluminum ions at the substitutional sites, forming shallow donor levels. The ferromagnetic behavior is understood on the basis of the nature of M (T) curve which is a manifestation of charge carrier concentration.
II. EXPERIMENTAL DETAILS
ZnO NCs capped with PVP were synthesized by the wet chemical route at room temperature. 13, 15 X-ray diffraction (XRD) analysis was carried out on a Bruker AXS D8 advance powder x-ray diffractometer, with Cu K a (1.5402 Å ) as the incident radiation. Bandgap was determined by optical absorption studies using Perkin Elmer Lambda 950 UV-visible spectrophotometer. Photoluminescence (PL) and photoluminescence excitation (PLE) spectra of the NCs were measured on Perkin Elmer LS 55 spectrophotometer at room temperature and also at liquid nitrogen temperature (77 K). EPR measurements were performed at liquid nitrogen temperature (77 K) using Bruker EMX spectrometer operating at 9.1 GHz (X band). Magnetic measurements were carried out using superconducting quantum interference device (SQUID) magnetometer (Quantum Design, Inc.) in the temperature (T) range of 5 K to 300 K, and magnetic field (H) (-10) (2011) kOe. FC curves were recorded at magnetic field of 1 kOe. Elemental analysis was carried out using ICP-AES measurements (Spectra Arcos spectrometer). No magnetic impurity was detected in undoped as well as Al 3þ -doped ZnO NCs.
III. RESULTS AND DISCUSSION
XRD patterns of PVP capped, undoped and Al 3+ -doped ZnO NCs are shown in the inset of Fig. 1 aluminum ions occupy the substitutional site in ZnO without distorting the lattice. Figure 1 depicts room temperature optical absorption spectra of undoped and Al 3þ -doped ZnO NCs. Al concentration in precursor solution is varied from 1% to 7.5%. The excitonic feature for undoped ZnO NCs is observed at 351 nm. The resulting blueshift in the absorption feature is given in Table I and is attributed to Moss-Burstein type shift 13 (due to increase in carrier concentration). Monotonic blueshift in absorption edge with increase in Al doping indicates effect thereof on the electron energy levels due to the substitutional incorporation of Al 3þ in ZnO. PL measurements were carried out at room temperature as well as at 77 K using the excitation wavelength of 325 nm. Al 3þ -doped ZnO NCs show (not given here) gradual quenching of excitonic luminescence associated with appearance of defect (due to oxygen vacancies) related luminescence. The quantum efficiency of undoped ZnO NCs is calculated with respect to laser dye, polypropyleneoxide (PPO) and is found to be about 2.4% and that of Al 3þ -doped ZnO NCs is about 0.5%. Inferior quantum efficiency is indicative of defects present in ZnO NCs. Al-doping causes an increase in the defect density. Figures 2(a) Fig. 3 . In the present work, for ZnO NCs, no feature is observed in EPR. In undoped ZnO NCs such EPR signal is also observable [19] [20] [21] [22] [23] [24] under special conditions. For instance, EPR spectra of undoped ZnO NCs dispersed in ethanol and toluene mixture (illuminated with Ar ion laser), were recorded by Whitaker et al. 24 The electron hole pair is generated due to the exposure to ultraviolet (UV) light. Hole Figure 4 (a) exhibits the magnetization curve for undoped ZnO NCs at room temperature. Saturation magnetization (M S ) was observed to be 0.007 emu/g while coercivity (H C ) was observed to be 103 Oe. On cooling to 5 K, M S and H C increase up to 0.01 emu/g and, 140 Oe, respectively [ Fig. 4(b) ]. In this work, it is reasonable to assume the magnetization as superposition of two contributions: ferromagnetic/paramagnetic (M Fer ) and diamagnetic (M Dia ) signals. It may be worthwhile to mention here that, in case of granular substances, diamagnetic susceptibility is observed 25, 26 to be temperature dependent. Magnetoelastic effects alter the coupling and hence the diamagnetic susceptibility. In the present case, even though the apparent change in the diamagnetic contribution is vivid, subtraction of diamagnetic background does not significantly change the situation. Diamagnetic susceptibility [v Dia is of the order of 10 -7 emu/g-Oe for all samples] is one order of magnitude lower than that of ferromagnetic susceptibility. The coercivity of the samples has been determined as a magnetic field where M ¼ M Fer (T,H) þ v Dia H ¼ 0. Variation in diamagnetic contribution was checked carefully. The values thus obtained do not differ much from the experimentally deduced. Table II depicts saturation magnetization and coercivity values after correcting the diamagnetic contribution.
Earlier reports on ferromagnetic nanocrystal formation of otherwise diamagnetic materials indicate that the surface defects 2,3,6 as well as ligand induced defects 4,5,10 are instrumental. In case of uncapped ZnO NCs, M S was observed 2 to be 6 Â 10 -4 emu/g. In the present study, NCs are capped with PVP. Further increase in M S could be due to the defects generated by the capping agent. The bifurcation of ZFC/FC curves [ Fig. 4(c) ] shows the long range ferromagnetic ordering in undoped ZnO NCs.
As a result of doping Al 3þ ions in ZnO NCs [ Fig. 4(d) ], M S remains unaltered while coercivity reduces to about 10 Oe at room temperature. The experiments were repeated several times on freshly prepared Al 3þ -doped ZnO NCs. The value of coercivity always reduced (with error of about 10%). At 5 K, the observed value of M S is 0.032 emu/g and that of H C is 76 Oe [Fig. 4(e) ]. The reduction in coercivity of Al 3þ -doped ZnO NCs compared to undoped ZnO NCs is notable. As reported by Orlinskii et al., 21 Al 3þ ions occupy substitutional position near the center of the NC (giving EPR signal with g ¼ 1.96) and can also be located at the surface. The two different locations of Al 3þ ions are instrumental for ferromagnetism in different ways. Surface defects are responsible for the ferromagnetic ordering in undoped ZnO as well as in Al 3þ -doped ZnO NCs. Secondly, Al 3þ ions incorporated in ZnO generate localized defect levels as projected by PLE and EPR observations. Consequently, small inner core of NC becomes ferromagnetic. Defect centers are known 1, 10 to produce magnetic polarization localized in the lattice and is well documented. Such a ferromagnetic cluster formation is feasible in vicinity of Al 3þ ion located near the center of ZnO NC. It is worthwhile to note that ZFC/FC curve of Al 3þ -doped ZnO nanocrystal [ Fig. 4(f) ] shows ferromagnetic nature. An increase in the magnetizations at low temperatures is due to the presence of paramagnetic ions. 27 Notable fact is the convex nature of M(T) curves in case of Al 3þ -doped ZnO NCs. As discussed earlier, Al 3þ ions reveal thermal activation. As temperature increases, Al 3þ ions liberate charge carriers, and in turn, that is reflected in the shape of spontaneous magnetization as a function of temperature curves. In fact, using different theoretical models, it is ascertained 28, 29 that semiconductors with localized charge carriers depict concave M(T) curve and the ferromagnetic interaction is triggered by percolation of bound magnetic polarons (BMP). On the other hand, at higher charge carrier concentration, the interactions are carrier mediated and reflected in the convex M(T) curve. A fingerprint analysis of magnetic interactions is thus possible from the shape of M(T) curves. An enhanced convexity in M(T) curve in case of Al 3þ -doped ZnO NCs is a signature of ferromagnetic ordering mediated via charge carriers. Earlier, we have reported 13 an increase in the charge carrier concentration in Al 3þ -doped ZnO NCs prepared by different methods. At low carrier concentration level in undoped ZnO NCs, M(T) curve exhibits outwardly concave magnetization behavior wherein BMPs trigger the long range ferromagnetic order.
Possibility of Al 3þ ions located at or near surface cannot be ruled out. Al 3þ ions spatially located near or on the surface of NCs (those are not EPR sensitive but quench excitonic PL) appear to cause adverse effects on ferromagnetic ordering. The surface defects, mostly oxygen vacancies, do contribute to ferromagnetism of undoped ZnO NCs. The surface defects are modulated by Al 3þ ions in doped ZnO NCs. Subsequently, M S is not improved in Al 3þ -doped ZnO NCs while room temperature coercivity is reduced. The present work suggests that Al 3þ ions located beneath the surface are, in fact, destroying percolating BMPs responsible for long range ordering. Similar behavior is observed 14 in case of V-doped ZnO.
IV. CONCLUSIONS
To summarize, defects responsible for ferromagnetic ordering in Al 3þ -doped ZnO NCs are identified by EPR spectroscopy. PVP capped, undoped ZnO NCs are weakly ferromagnetic at room temperature. Optical studies indicate presence of defects in NCs. The mechanism of ferromagnetism is altogether different in the case of ZnO NCs and Al 3þ -doped ZnO NCs. In case of Al 3þ -doped ZnO NCs, coercivity is substantially reduced, while saturation magnetization remains invariant at room temperature. M(T) curve in case of Al 3þ -doped ZnO NCs is outwardly convex while in case of undoped ZnO NCs it is concave. RTFM, in case of undoped ZnO NCs, is understandable in terms of BMP. Al 3þ -induced defects with g ¼ 1.96 are vivid from EPR spectra. Thereby, one may conclude that the resultant ferromagnetism has two components. Defects located at the surface induce ferromagnetism. Furthermore, the magnetic moments associated with the defects formed due to Al 3þ ions also yield ferromagnetism. The exchange interaction mechanism in Al 3þ -doped ZnO NCs appears to be charge carrier mediated. 
